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ABSTRACT: Mixed cocrystals derived from electron-rich donor (D) and
electron-deficient acceptor (A) molecules showcase electronic, optical, and
magnetic properties of interest for a wide range of applications. We explore the
structural and electronic properties of a cocrystal synthesized from dithieno-
[3,2-a:2′,3′-c]phenazine (DTPhz) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ), which has a mixed-stack packing arrangement of the (π-electronic)
face-to-face stacks in a 2:1 D:A stoichiometry. Density functional theory
investigations reveal that the primary electronic characteristics of the cocrystal
are not determined by electronic interactions along the face-to-face stacks, but
rather they are characterized by stronger electronic interactions orthogonal to
these stacks that follow the edge-to-edge donor−donor or acceptor−acceptor contacts. These distinctive electronic
characteristics portend semiconducting properties that are unusual for semiconducting mixed cocrystals and suggest further
potential to design organic semiconductors with orthogonal transport characteristics for different charge carriers.

Organic electronic materials (OEMs) have held the interest
of academic and industrial researchers for the last few

decades due to the capability of the synthetic chemist to tailor
material properties through molecular design. While the
majority of OEMs are composed of a single molecular species,
multicomponent molecular blends offer pathways to create
materials with distinctive electrical, optical, or magnetic
response that are difficult to achieve otherwise. OEM derived
from charge-transfer complexes1,2 (formed when electron-rich
donor (D) molecules are mixed with electron-deficient acceptor
(A) molecules), for instance, have demonstrated metallic
conductivity,3−5 superconductivity,6−9 ambipolar semiconduc-
tor transport,10−14 ferroelectric response,15−17 and magneto-
resistance;18 moreover, materials derived from bilayers or
blends of D and A molecules form the heart of organic solar cell
technologies.19−21 Of specific interest to this work are
crystalline DA materials (DA cocrystals), where precise
knowledge of the molecular spatial arrangement allows for
direct interrogation of the relationships between molecular
composition and architecture and material characteristics. DA
cocrystals with 1:1 D:A stoichiometric ratios generally feature
the D and A molecules packed in segregated- (i.e., a column of
D molecules, ···D−D−D−D···, aligned next to a column of A
molecules, ···A−A−A−A···) or mixed-stack (i.e., a column of D
and A molecules stacked in a regular ···D−A−D−A··· pattern)
arrangements.1 Cocrystals formed by varying the D:A
stoichiometric ratios, for example, 2:1 and 3:1, have also been

created and studied,22−25 as these blends offer more varied
possibilities in terms of the molecular packing arrangements
and materials properties. While some guidelines exist, there are
limited a priori design principles that can be followed to predict
the stoichiometry, stacking arrangements, or degree of charge-
transfer character for a given set of D and A molecules, and
there is no expectation as to how the molecular variables
determine the material electronic, magnetic, or optical
response.23

Recent theoretical efforts concerning the semiconductor
behavior of mixed-stack cocrystals have revealed that the
electronic properties can frequently be described through a
superexchange (SE) mechanism.12−14,22,26−28 Here, for in-
stance, focusing on hole transport, holes transported along
···D−A−D−A··· mixed stacks move among the D sites through
an electronic coupling that is mediated by the bridging A
molecule; a like-wise D-mediated electronic coupling is
required for electron transport among A sites. These SE
electronic couplings, computed among D−A−D (or A−D−A)
complexes extracted from DA cocrystals, correlate well with
valence (conduction) band dispersions and hole (electron)
effective masses determined through periodic electronic-
structure calculations to provide a detailed description of the
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material electronic characteristics; the same has been shown to
be true for varied stoichiometric-induced stacking arrangements
(e.g., ···A−D−D−A−D−D···).22 In this contribution, we
showcase an unusual situation where the SE mechanism does
not describe the main transport characteristics of a mixed
cocrystal, as the charge carriers of the valence and conduction
bands are predicted to traverse perpendicular to the DA
(mixed) stacking direction (i.e., not along the [π-electronic]
face-to-face stacks). While previous reports have indicated
somewhat strong SE and direct electronic couplings among
molecules in neighboring mixed-stack columns and the
possibility for 2D or 3D transport characteristics, these contacts
have not been demonstrated to be the primary electronic
interactions that determine the crystal electronic band
structure.22,29,30

The DA cocrystal of interest in this study was synthesized by
combining dithieno[3,2-a:2′,3′-c]phenazine (DTPhz) as the D
moiety and 7,7,8,8-tetracyanoquinodimethane (TCNQ) as the
A moiety (Figure 1). DTPhz has been exploited as an acceptor

unit in DA copolymers employed in solar cells,31,32 as a light
absorber in dye-sensitized solar cells,33 and as an anion probe.34

TCNQ and its derivative forms are among the most widely
used A units in the DA cocrystal literature.1,4,8,12,22,23,25,29,35,36

Details of the synthesis and characterization of DTPhz are
provided in the Supporting Information (SI); TCNQ was used
as received. DTPhz−TCNQ cocrystals were formed by the
slow evaporation of chloroform or, alternatively, acetonitrile
from a solution containing an equimolar mixture of DTPhz and
TCNQ. Several dark-colored cocrystals (see Figure S8 in the
SI) were detected by microscopy as a minor component

surrounded by the respective single-component crystals of
DTPhz and TCNQ.
The DTPhz−TCNQ cocrystal structure (Cambridge Struc-

tural Database (CSD) Reference Number 1561865), identified
by single-crystal X-ray diffraction at a temperature of 100 K, is
triclinic within the P1 ̅ space group; see Table S1 for a listing of
crystallographic data. DTPhz (D) and TCNQ (A) form a
mixed-stack, face-to-face packing motif that follows a
···A−D−D−A−D−D··· (1:2 A:D ratio) pattern. The molecular
packing arrangements in the DTPhz−TCNQ cocrystal can be
described as an alternating layered structure. The layers are
perpendicular to the c-axis and are occupied by mixed ···A−D−
D··· stacks oriented in either the [010] direction in one layer or
the [100] direction in the next layer. Importantly, these
noncollinear stacks have different periodicities and therefore
cannot be related by symmetry operations. Further details
regarding the layer geometries are provided in Figure S9 and
Table S2. Throughout the remainder of this report, we will
refer to these layers as the “α layer” (i.e., the mixed stacks that
are oriented in the [010] direction) or the “β layer” (i.e., the
mixed stacks that are oriented in the [100] direction).
Because the main charge-carrier transport mechanism in

semiconducting DA cocrystals is generally considered to invoke
the SE mechanism along the mixed-stack packing direction, we
begin the description of the electronic characteristics of the
DTPhz−TCNQ cocrystal in this framework. The SE electronic
couplings are evaluated by the so-called energy-splitting
approach (tES)13 at the PBE/6-31G(d,p) level of theory,37−39

making use of the occupied energy levels of the neutral
D−A−D triad for holes and the unoccupied energy levels of the
neutral A−D−D−A tetrad for electrons (in the geometries
from the experimental crystal structure), through

=
−+ −t

E E

2
ES H(L 1) H 1(L)

(1)

where EH(L+1) and EH−1(L) are the energies of the HOMO
(LUMO+1) and HOMO−1 (LUMO), respectively. For both
the D−A−D triad and A−D−D−A tetrad, tES is very small at 7
and 2 meV, respectively, for the α layer and 16 and 8 meV,
respectively, for the β layer; tES determined at the PBE0/6-
31G(d,p) level of theory shows very similar trends (Table S8),
as expected.40 These very small tES suggest that if the DTPhz−
TCNQ cocrystals were to be considered for semiconducting
applications then charge-carrier transport through the
··· A−D−D−A−D−D··· mixed-stacks would be limited.
This hypothesis is reinforced through analysis of the

DTPhz−TCNQ cocrystal electronic band structure (Figure
2) and band-decomposed charge densities (Figure 3),
computed at the PBE level of theory with the projector
augmented-wave method.38,41−43 Note that all results reported
here are for calculations that are carried out on the
experimental molecular and crystal structures; full details of
the calculations for the results described here and calculations
and results where the density functional incorporates varying
amounts of exact exchange or dispersion corrections are used in
the relaxation of the unit cell and molecular structures are
provided in the SI. Strictly, the DTPhz−TCNQ cocrystal is an
indirect semiconductor with its valence band maximum (VBM)
at the Z point and conduction band minimum (CBM) at the Γ
point, although the indirect gap is nearly indistinguishable from
the smallest direct gap found at the Γ point; definitions of the
high-symmetry points in the first Brillouin zone, following the
scheme proposed by Setyawan and Curtarolo,44 are available in

Figure 1. Chemical structures of DTPhz (dithieno[3,2-a:2′,3′-
c]phenazine) and TCNQ (7,7,8,8-tetracyanoquinodimethane) and
their crystalline packing arrangement. Two layers stacked along the
[001] direction are shown. The [010] and [100] directions are
depicted. For convenience, the ··· A−D−D··· packing repeat is also
identified. Views along different projection planes are provided in the
Supporting Information (SI, Figure S9).
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the SI. For both the valence and conduction bands, the largest
bandwidth is found along the R→ Γ direction, while the largest
curvature is found at Γ along the Γ → X direction, which
coincides with the [100] direction. The smallest effective mass
(m*) for holes is determined45 to be 1.53m0, while that for
electrons is 1.80m0 (m0 is the rest mass of electron); the
corresponding principal axes of the effective mass tensors point
along the [100] direction. The valence and conduction band
charge densities, interestingly, only reside on molecules in the α
layer, that is, there is no charge density in the β layer.
Furthermore, the charge densities are highly localized within
the mixed stacks: The valence band charge density resides on
the D−D stack, while the conduction band charge density is
localized solely on A. The lack of charge density distribution
among the D and A units along the mixed-stack direction is
consistent with the small tES. Furthermore, determination of the
direct electronic coupling computed by the fragment-orbital
approach, tFO,46−48 between the D (HOMO) and A (LUMO)
is small at tFO = 6 meV. Analysis of the TCNQ bond lengths in
the DTPhz−TCNQ cocrystal shows negligible difference when
compared with TCNQ in pure crystals. Both of these results
suggest very little charge transfer22 between the D and A
components in the DTPhz−TCNQ cocrystal. Interestingly, the
inspection of the valence and conduction band charge densities
indicates that within the α layer there is extended electronic
communication between mixed stacks that follow edge-to-edge
interactions among D (valence band) or A (conduction band)
molecules, respectively. We note that the incorporation of large
amounts of exact exchange in the PBE functional or the
relaxation of the molecules and unit cells with dispersion-
corrected PBE (and PBE0) does not change the analysis of the
electronic band structure; see the SI for further details.49

Electronic band structures of isolated α and β layers, with
periodicity identical to that of the cocrystal (Figure 2), were

determined to investigate the electronic characteristics in
further detail. Superposition of the isolated layer band
structures nearly returns that of the full cocrystal; the modest
exception is a larger electronic band gap, which is due to the
absence of dielectric screening between isolated layers.50 This
result implies small electronic interactions between the α layers
and β layers, confirming that the separation of the layers is a
valid approach. Furthermore, on the basis of the position and
similarities of the band shapes, the α layer is suggested to be
responsible for the valence and conduction bands in the
DTPhz−TCNQ cocrystal. As noted above, however, the
smallest effective masses for both holes and electrons in the
cocrystal are found along the [100] direction, which appears to
contradict the suggestion that the α layer is the active layer.
However, considering the localization of the charge densities, it
is possible that the electronic couplings within [010] stacks are
weaker than those between [010] stacks along [100] direction.
Indeed, the electronic couplings for edge-to-edge (interstack)
donors (tES = 17 meV; tFO = 17 meV) and acceptors (tES = 15
meV; tFO = 15 meV) interactions along the [100] direction in
the α layer are larger than those determined for the SE
mechanism along the stacks; the intrastack DD electronic
couplings are large (tES = 68 meV; tFO = 64 meV), although
these DD stacks are essentially isolated from each other in the
mixed-stack packing direction because of a lack of electronic
communication through the A moieties (see above). Notably,
both methods used to evaluate the electronic couplings provide
similar results and follow the expected 4t ≈ W (where W is the
width of the valence or conduction band) relationship for a 1D
chain; this is consistent with the fact that there should be little-
to-no variation in molecular polarization along a 1D stack.
To further validate this hypothesis, the experimental crystal

structures were used to prepare unit cells that contain only
donors or only acceptors in the α layer, that is, idealized,

Figure 2. Electronic band structures of the DTPhz−TCNQ cocrystal (top left), α layer (top right), and β layer (bottom right). A superposition of
the α layer and β layer band structures overlaid on top of the cocrystal band structure (bottom left); here the α layer and β layer band structures are
shifted so that their VBM match the VBM and VB-1M of the cocrystal, respectively, with the amount of the shift represented by the variable x.
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segregated 1D edge-to-edge chains of donors or acceptors; note
that the β layer is removed completely. The unit-cell
parameters are kept the same as in the cocrystal. As with the
previous decomposition of the cocrystal into layers, there is a
noticeable similarity among the band structures of these model
D and A chains and that of the full cocrystal, as demonstrated
by the superposition of the three band structures in Figure 4.
From this analysis, we can conclude a rather distinctive

electronic structure for the DTPhz−TCNQ cocrystal. Although
the DTPhz and TCNQ molecules form mixed (π-electron)
face-to-face stacks, the valence and conduction bands follow
edge-to-edge contacts among donor molecules and acceptor
molecules, respectively, between stacks. This is an unusual

behavior for materials with significant (π-electron) face-to-face
stacking arrangements. Hence, one might expect the transport
of holes and electrons to be orthogonal to the mixed face-to-
face stacks, as shown schematically in Figure 5.

The electronic characteristics of the DTPhz−TCNQ
cocrystal, when combined with previous reports of potential
2D and 3D charge-carrier transport pathways in DA
cocrystals,22,29,30,51 offer distinctive paradigms for the develop-
ment of mixed cocrystals with intriguing charge-carrier
transport properties. For instance, one could envision materials
where the transport of holes or electrons could be favored
along the mixed-stack direction, while the alternate charge
carrier would be favored along an orthogonal direction. Such
multidirectional charge-carrier transport characteristics within a
single material could lead to alternative device designs for
advanced (opto)electronics applications. However, much work
remains to be able to make material predictions based on the
properties of isolated D and A constituents.
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Molecular and cocrystal synthesis details; experimental
characterization, including cyclic voltammetry and X-ray

Figure 3. Band-decomposed charge densities of the conduction band
(blue) (top) and valence band (purple) (bottom) for the DTPhz−
TCNQ cocrystal α layer. The cutoff of charge density is set to 0.02
eÅ−3.

Figure 4. Superposed electronic band structures of the donor-only
(DTPhz; purple) and acceptor-only (TCNQ; green) stacks in the α
layer. The band structure of the full cocrystal (DTPhz−TCNQ; gray)
is also shown. Note that the VBM of donor-only structure was shifted
to that in the full DTPhz−TCNQ cocrystal band structure; the same is
true for the CBM of acceptor-only structure. The amount of the shift is
represented by the variable x.

Figure 5. Proposed charge-carrier transport pathways in the DTPhz−
TCNQ cocrystal.
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